Freestanding silicene, a monolayer of Si arranged in a honeycomb structure, has been predicted to give rise to massless Dirac fermions, akin to graphene. However, Si structures grown on a supporting substrate can show properties that strongly deviate from the freestanding case. Here, combining scanning tunneling microscopy/spectroscopy and differential conductance mapping, we show that the electrical properties of the
) phase of few-layer Si grown on Ag(111) strongly depend on film thickness, where the electron phase coherence length decreases and the free-electron-like surface state gradually diminishes when approaching the interface. These features are presumably attributable to the inelastic inter-band electron-electron scattering originating from the overlap between the surface state, interface state and the bulk state of the substrate. We further demonstrate that the intrinsic electronic structure of the as grown ( √ 3× √ 3) phase is identical to that of the ( √ 3 × √ 3)R30
• reconstructed Ag on Si(111), both of which exhibit the parabolic energy-momentum dispersion relation with comparable electron effective masses. These findings highlight the essential role of interfacial coupling on the properties of two-dimensional Si structures grown on supporting substrates, which should be thoroughly scrutinized in pursuit of silicene.
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Silicene, a monolayer of Si arranged in a honeycomb structure, has attracted tremendous attention in the past few years as an alternative Dirac system to graphene 1−4 , with the advantages of being readily adapted to the current mainstream Si-based electronics and possessing a strong spin-orbit coupling which may lead to potential applications in spintronics 5−7 .
Thus far, freestanding silicene has not been synthesized. Most of the silicene structures were grown on Ag surfaces 8−18 , with a few successes on ZrB 2 19 and Ir 20 . Yet, interaction with the substrate may render it rather difficult to probe the intrinsic properties of silicene 21−24 .
Furthermore, if the inversion symmetry of the silicene lattice is broken by orbital hybridization with the substrate, it will lead to the breakdown of the Dirac fermion characteristics that are predicted in the freestanding silicene 21−24 .
Among the various superstructures observed on the Ag(111) surface, silicene of the ( √ 3× √ 3) phase has been claimed to be weakly bound to the substrate and thus maintains the massless Dirac fermions in early reports 25−28 . However, more recent studies found that the ( √ 3× √ 3) surface reconstruction occurs on multilayered Si instead of a monolayer 15−18,29−30 .
In addition, such a ( √ 3 × √ 3) phase resembles both geometrically and electronically the reconstructed Ag on Si(111), suggesting the formation of a surface alloy 31−33 . Two central questions then arise, i.e., what is the bonding configuration in this multilayered structure and how stable is the film. Since it is well known that Si tends to form sp 3 hybridization over sp 2 at room temperature and atmospheric pressure, one would expect a bulk-like Si structure to form spontaneously as the interaction strength with the substrate surface decays with increasing layer thickness. Indeed, this structure transition was observed recently by low energy electron microscopy and Raman measurements 31, 34 .
In this letter, we report the influence of interfacial coupling on the electronic structure and electrical properties of multilayered Si grown on the Ag(111) surface via scanning tunneling microscopy (STM) and spectroscopy (STS) measurements. We observe the growth of a
Moiré pattern. We further show that the intrinsic electronic structure of the (
reconstructed surface is identical to that of the Si(111)-Ag(
• , and both exhibit the parabolic dispersion relation with comparable electron effective masses. However, in few-layer ( √ 3× √ 3) Si structures, the electron phase coherence length decreases and the freeelectron-like surface state gradually diminishes when approaching the interface, suggesting a strong substrate influence on the electrical properties of thin films. We attribute this finding to the inelastic inter-band electron-electron scattering originating from the overlap between the surface state, interface state and the bulk state of the substrate.
RESULTS AND DISCUSSION
The growth of Si on the Ag(111) substrate shows a rich phase diagram, among which the
phase is often observed in multilayers grown at a relatively high temperature. As shown in Fig. S1 (a), at 320
• C a nearly complete monolayer of the (
initially forms, consistent with the previous reports 9,31,34 . It is worth noting that (
is not a highly ordered phase, rendering assignment of the atomic structure challenging 10, 35, 36 .
Recently, a universal model has been proposed to explain the variety of ( √ 7× √ 7) structures that have been reported thus far 14 . Essentially, ( √ 7× √ 7) stands for a superstructure formed between a Si monolayer in the honeycomb lattice (Si(1×1)) and the Ag(111) substrate surface with the disorder driven by strain relaxation. Upon further deposition, the ( √ 3 × √ 3) phase emerges. Fig. S1 (b) illustrates a surface with the co-existence of both structures.
To investigate the evolution of the ( √ 3 × √ 3) reconstructed film and its interplay with both the ( √ 7 × √ 7) Si superstructure and the Ag(111) substrate, we perform STM and STS measurements. Fig. 1(a) shows the observation of the first ( √ 3× √ 3) atomic layer. The area outlined by the black dotted line is a continuous ( √ 3× √ 3) film, presumably grown around a defect feature on the Ag(111) substrate. The continuity of the film is illustrated in a zoomedin image of the area as shown in Fig. S2 . The apparent height of this layer, as measured at the sample bias of +1.5 V from the Ag substrate surface (the lowest terrace) to the as grown Si film (the highest terrace) along the green curve in Fig. 1(c) , is about 1.50 ± 0.10Å. To exclude the influence of the substrate defect on the apparent height measurement, Fig. S3(a) shows another area of the film grown on a large and clean Ag(111) terrace. As depicted in the line profile, the apparent height of the first ( √ 3 × √ 3) atomic layer is 1.60Å, within the same range as that obtained in Fig. 1(c) . Note that the height measurement depends on the bias applied between the tip and sample due to the different density of states present on the surfaces of the Ag(111) substrate and the ( √ 3 × √ 3) reconstructed adlayer 28 . Fig. 1(b) shows the multilayered ( √ 3 × √ 3) structures with further deposition, where the line profiles along the black, red, and blue traces indicate that the inter-layer spacing of the (
reconstructed films beyond the first atomic layer is 3.14 ± 0.03Å, consistent with the d- To confirm that the ( √ 21 × √ 21) periodicity indeed originates from Moiré interference, we performed a calculation on the geometric structure and the surface diffraction pattern, assuming that the (
• adlayer is grown above the (
Note that these periodicities are all indexed with regard to the Si lattice. As shown in Fig. S5 , when the primary unit vectors of the two lattices are azimuthally rotated to each other by 10.9
• , a ( √ 21× √ 21) superstructure is generated in both the surface electron diffraction pattern and the simulated geometric structure, suggesting a well-defined epitaxial relation between the two. Note that the FFT images can be directly compared with the surface diffraction pattern as they both probe the reciprocal space of the lattices. 27, 29 . Nevertheless, these domain boundaries do not seem to act as scattering centers for surface electrons. Rather, scattering is dominated by the step edges, resulting in distinct standing wave patterns at different sample biases, as revealed in Fig. 4 (c)-(f). The layout of the participating step edges is illustrated in a zoomed-out STM image as shown in Fig. S7(a) . With the wave numbers of the surface electrons at different energies further determined from the FFT images of the corresponding dI/dV maps, we are able to derive a parabolic dispersion relation of the free-electron like surface state. Built on the profound understanding of the surface electronic structure and the origin of the surface 2DEG, we next explore the evolution of the s1 state, specifically its magnitude and line width, as a function of layer thickness. As shown in Fig. 3(b) , the s1 state is It is known that the phase coherence length of a 2DEG, L φ , resulting from the free- The strong substrate effect is also reflected in the electronic structure of the (
pattern. Fig. 6(a) shows the STS spectra taken on the bare Ag (111) 
• reconstructed Ag on Si(111), both of which exhibit the parabolic energymomentum dispersion relation with comparable electron effective masses. These findings highlight the essential role of interfacial coupling on the properties of two-dimensional Si structures grown on supporting substrates, which should be thoroughly scrutinized in pursuit of silicene.
METHODS
The experiments were carried out in an Omicron NanoTechnology GmbH low-temperature scanning tunneling microscope (LT-STM) equipped with a separate sample preparation system. The base pressures of the two chambers were both maintained below 1×10 −10 mbar.
The silver (Ag) substrate was cleaned in the preparation system by argon ion sputtering
(1 keV/25 A) for 30 minutes followed by thermal annealing at ∼ 500 • C for several cycles.
Si was then evaporated from a custom-built evaporator (∼ 1000 A new route to grow graphene on low reactivity metals. Nano Lett. 11, 3576 (2011) . superstructure.
